A sensitive and simultaneous spectrophotometric flow injection method for the determination of vanadium(IV) and vanadium(V) is proposed. The method is based on the effect of ligands such as 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ) and diphosphate on the conditional redox potential of iron(III)/iron(II) system. A four-channel flow system is assembled. In this flow system, diluted hydrochloric acid (1.0 × 10 -2 mol dm -3 ) as a carrier for standard/sample, acetate buffer (pH 5.5) as a carrier for diphosphate solution, an equimolar mixed solution of iron(III) and iron(II) and a TPTZ solution are delivered, so that the baseline absorbance can be established by forming a constant amount of iron(II)-TPTZ complex (λmax = 593 nm). Vanadium(IV) and/or vanadium(V) (400 μL) and diphosphate (200 μL) solutions are simultaneously introduced into the flow system; in this system the diphosphate solution passes through a delay coil. The potential of the iron(III)/iron(II) system increases in the presence of TPTZ, and therefore vanadium(IV) is easily oxidized by iron(III) to vanadium(V) to produce an iron(II)-TPTZ complex (a positive peak for vanadium(IV) appears). On the other hand, the potential of the redox system decreases in the presence of diphosphate, so that vanadium(V) can be easily reduced by iron(II) to vanadium(IV). In this case, the amount of iron(II) decreases according to the amount of vanadium(V). As a result, the produced iron(II)-TPTZ complex decreases (a negative peak for vanadium(V) appears). In this manner, two peaks for vanadium(IV) and vanadium(V) can be alternately obtained. The limits of detection (S/N = 3) are 1.98 × 10 -7 and 2.97 × 10 -7 mol dm -3 for vanadium(IV) and vanadium(V), respectivery. The method is applied to the simultaneous determination of vanadium(IV) and vanadium(V) in commercial bottled mineral water samples.
Introduction
Trace amounts of vanadium in the environmental samples have become of interest in recent year, and vanadium has been detected in the natural water around a volcano. 1 It was reported that vanadium in natural water has obvious regional geologic dependency. 2 It is beneficial for prevention of vascular diseases and also has therapeutic potentials for diabetics with a definite safe dose range because of its insulin-mimic effects. 3 Vanadium(III) complexes can reduce growth of cancer cells in a culture medium. 4 On the other hand, the excess intake of vanadium inhibits biosynthesis of blood cholesterol and enzyme activities, and some diseases are induced because vanadium can be accumulated in blood. [5] [6] [7] Therefore, the level of vanadium in drinking water must be strictly controlled. A maximum concentration for vanadium in drinking water is fixed in some countries. 7, 8 The biological and physiological characteristics of vanadium are concerned with its oxidation state. Generally, vanadium exists in the tetravalent and pentavalent states in aquatic environment, and vanadium(V) is more toxic than vanadium(IV). 9 Therefore, the chemical speciation and quantification of trace vanadium are required for evaluating both the potential risk and benefits.
Some simple spectrophotometric detection methods have been reported based on complexation reactions. 10, 11 Catalytic spectrophotometry 12-14 is a conventional method used for determination of vanadium with high sensitivity, but generally this kind of method can not distinguish the vanadium species. Recently, a solid phase extraction (SPE) and detection procedures for preconcentration and separation of trace analysis have been developed, using ionexchange resins, 15, 16 chelating resins, 17, 18 chelating functional group, 19 chelating agents, 20 and activated carbon, 21 coupled with fluorination assisted electrothermal vaporization (FETV)-ICP-OES, 15 FIA-ICP-OES, 16 ICP-AES, 19 electrothermal atomic absorption spectrometry (ETAAS) 22 and graphite furnace AAS. 18, 21 However, many of these methods are expensive, timeconsuming, and reagent-consuming; they require skillful operators and must be performed in batchwise.
The potential of a redox system involving metal ions can be modified in the presence of a suitable ligand. 23 This phenomenon has been applied to potentiometric titrations of some metal ions. [24] [25] [26] [27] [28] [29] For example, potentials of iron(III)/iron(II) and cobalt(III)/cobalt(II) systems were affected by 2,2′-bipyridine (bpy) or 1,10-phenanthroline (phen), and the redox systems were applied to the potentiometric titrations of vanadium(IV) and cobalt(II). 26 Flow injection analysis (FIA) has been widely used because of its simplicity, rapidity, great convenience, high accuracy and less consumption of reagents. of vanadium(IV) and total vanadium based on the catalytic effect of vanadium(IV) on the oxidation of purpurogallin in the presence of periodate. However, few FIA methods have been developed for simultaneous determination of vanadium(IV, V). Teshima et al. 32, 33 reported that the redox potential of Fe(III)/Fe(II) system can be changed in the presence of 1,10-phenanthroline (phen) and diphosphate and proposed a simultaneous FIA determination of vanadium(IV) and vanadium(V). However, the method was not sensitive and was not applied to any real samples.
2,4,6-Tris(2-pyridyl)-1,3,5-triazine (TPTZ) reacts with iron(II) to form a purple iron(II)-TPTZ complex (λmax = 593 nm), and the iron(II) complex has higher molar absoptivity (ε = 2.3 × 10 4 ) compared with that of iron(II)-phen (ε = 1.1 × 10 4 ). In the present work, the effect of TPTZ on the redox reaction of vanadium(IV) with iron(III) was examined potentiometrically, and a new spectrophotometric flow injection method for simultaneous determination of vanadium(IV) and vanadium(V) is proposed. The proposed method is highly sensitive and rapid and has been applied to the determination of vanadium(IV) and vanadium(V) in commercial bottled mineral water samples.
Experimental

Reagents
All reagents were of analytical grade and were used without further purification. All solutions were prepared with deionized water purified by an Advantec GSH-210 apparatus.
A commercially available vanadium(V) standard solution (1000 ppm, 1.96 × 10 -2 mol dm -3 ) for atomic absorption spectrometry (Wako, Osaka) was used as a stock solution. A stock solution of vanadium(IV) (1.00 × 10 -1 mol dm -3 ) was prepared by dissolving 2.17g of vanadium oxide sulfate n-hydrate (Wako) in 100 cm 3 of 1.0 × 10 -1 mol dm -3 sulfuric acid and standardized by potassium permanganate. Working solutions of vanadium(IV) and vanadium(V) were prepared daily by diluting the stock solutions with 1.0 × 10 -2 mol dm -3 hydrochloric acid. A stock solution of iron(III) (1.00 × 10 -2 mol dm -3 ) was prepared by dissolving 0.482 g of ammonium iron(III) sulfate dodecahydrate in 50 cm 3 of 1.0 mol dm -3 sulfuric acid and diluted to 100 cm 3 with water, and standardized by EDTA. A stock solution of iron(II) (1.00 × 10 -2 mol dm -3 ) was prepared by dissolving 0.392 g of iron(II) ammonium sulfate hexahydrate in 50 cm 3 of 5.0 × 10 -1 mol dm -3 sulfuric acid and diluted to 100 cm 3 with water bubbled by nitrogen gas. Working solutions of iron(III) and iron(II) were suitably diluted with the bubbled water. A diphosphate solution (2.00 × 10 -2 mol dm -3 ) was prepared by dissolving 0.892 g of sodium diphosphate decahydrate in 100 dm 3 of water. A TPTZ solution (2.00 × 10 -4 mol dm -3 ) was prepared by dissolving 0.0156 g of 2,4,6-tris(2-pyridyl)-1,3,5-triazine in 0.5 cm 3 of 5.0 × 10 -1 mol dm -3 sulfuric acid and diluted to 250 cm -3 with water. Working solutions of diphosphate were prepared by suitable dilution with 2.0 × 10 -1 mol dm -3 acetate buffer solution (pH 5.5). An acetate buffer solution was prepared by mixing acetic acid and sodium acetate.
Apparatus
The schematic diagram of flow injection system used for the simultaneous determination of vanadium(IV) and vanadium(V) is shown in Fig. 1 . The system consists of two double-plunger micropumps (PD-2000, FIA Instruments Co. Ltd., Japan) and two six-way injection valves (Sanuki Kogyo, SVM-6M2). Teflon tubing (0.5 mm i.d.) was used for flow lines. The absorbance was detected at 593 nm with a spectrophotometer (Soma, Optics, S-3250, Tokyo) equipped with a 10-mm path length flow cell (8 μL) and the signal was recorded on a recorder (Chino, EB 22005, Tokyo).
Potentiometric titration of vanadium(IV) with iron(III) in the presence of TPTZ was performed using a Mitsubishi Kasei Model GT-07 automatic titrator that included a Mitsubishi Chemical Model GTPR1B combination platinum electrode (the reference electrode was a silver-silver chloride electrode) and a Model GT5TSN thermometer. A Horiba Model F-22 pH/mV meter was used for the pH measurements. A Taitec Thermo Minder Model SH-12 thermostat was used to maintain a constant temperature. The titration vessel was a specially ordered five-necked flask (for micro-burette, electrode, thermometer and inlet and outlet of nitrogen gas) with a water jacket.
Procedure for simultaneous determination of vanadium(IV) and vanadium(V)
In the FI system shown in Fig. 1 , hydrochloric acid in the reservoir C, an acetate buffer solution in R1, an equimolar mixed solution of iron(III) and iron(II) in R2 and TPTZ in R3 were pumped at a flow rate of 1.0 cm 3 min -1 , respectively. A 400-μL aliquot of sample solution (S) containing vanadium(IV) and vanadium(V) and a 100-μL portion of diphosphate solution (R4) were simultaneously injected into two separate flow lines (C and R1). The diphosphate solution passed through a delay coil (DC, 1.5 m long). By monitoring the absorbance of the iron(II)-TPTZ complex at 593 nm, we obtained both positive and negative FIA peaks for vanadium(IV) and vanadium(V). All measurements were carried out at room temperature.
Procedure for titration of vanadium(IV)
Into the titration vessel, 2.5 cm 3 of TPTZ (1.50 × 10 -2 mol dm -3 ), 5 cm 3 of vanadium(IV) (2.00 × 10 -3 mol dm -3 ), 15 cm 3 of acetate buffer (1.0 mol dm -3 ), and 2.5 cm 3 of water were taken. To prevent the effect of dissolved oxygen in the water on the redox reaction, we bubbled the mixed solution with nitrogen gas for 30 min before titration. The solution was then titrated with iron(III) solution (2.00 × 10 -3 mol dm -3 ). The potential values were recorded automatically. The titration was performed at 25˚C under a nitrogen atmosphere.
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Results and Discussion
Effects of TPTZ and diphosphate on redox reaction of vanadium(IV) with iron(III)
Generally, the equilibrium of the redox reaction of vanadium(IV) with iron(III),
lies considerably to the left-hand side, because E˚Fe (0.77 V vs. NHE) is lower than E˚V (1.00 V vs. NHE), where E˚Fe and E˚V are the standard redox potentials of the Fe(III)/Fe(II) and V(V)/V(IV) systems, respectively. However, the conditional potential of Fe(III)/Fe(II) system can be modified in the presence of suitable ligands. 23, 24 The conditional redox potential of the Fe(III)/Fe(II) system, E′Fe, is given by
where αFe(II)(L) and αFe(III)(L) are the side reaction coefficients taking into account the complex formation of iron(II) and iron(III) with a ligand, and CFe(III) and CFe(II) are the total concentrations of iron(III) and iron(II). According to Eq. (2), E′Fe becomes higher in the presence of a ligand whose stability constant with iron(II) is larger than that with iron(III). To examine the effect of TPTZ on the reaction of Eq. (1), the potentiometric titration of vanadium(IV) with iron(III) was carried out. The result is shown in Fig. 2 . A clear potential break was observed at the equivalence point in the presence of 1.50 × 10 -3 mol dm -3 TPTZ at pH 5.5. This result indicated that the oxidation of vanadium(IV) with iron(III) took place due to the presence of TPTZ because the E′Fe increased by forming an iron(II)-TPTZ complex.
On the other hand, Umetsu et al. 25 reported that the E′Fe was sufficiently lower than the conditional redox potential of V(V)/V(IV) system in the presence of diphosphate over a wide pH range 1 -8 due to the formation of more stable diphosphatecomplexes with iron(III) than with iron(II). Therefore, the backward reaction of Eq. (1) (the reduction of vanadium(V) with iron(II)) takes place easily.
CFe(III)
---
Principle of simultaneous determination of vanadium(IV) and vanadium(V)
Based on the effect of ligands on the E′Fe, the two redox reactions mentioned above (the forward and backward reactions of Eq. (1)) were used for determination of vanadium(IV) and vanadium(V) using FIA spectrophotometry. In the FIA system shown in Fig. 1 , the absorbance of baseline remains unchanged and depends on the formation of iron(II)-TPTZ complex in the reaction coil RC2 (4 m long) before solutions of sample (vanadium(IV) and/or vanadium(V)) and diphosphate are injected. After the solutions of sample and disphosphate are injected into the flow system at the same time, the front of the sample zone merges into the TPTZ stream at first, because the diphosphate solution has to pass through a longer delay coil (DC, 1.5 m long), and therefore the oxidation of vanadium(IV) with iron(III) takes place in RC2 (the forward reaction of Eq. (1) occurs). The iron(II) produced by this reaction reacts with TPTZ to form a purple iron(II)-TPTZ complex (λmax = 593 nm). Thus, a positive FIA signal for vanadium(IV) can be detected at 593 nm. Then, the diphosphate stream merges into the rear of the sample zone, and the reduction of vanadium(V) with iron(II) proceeds in RC1 (the backward reaction of Eq. (1) occurs). As a result, the amount of iron(II) decreases because of the consumption of iron(II) with vanadium(V). A negative FIA signal for vanadium(V) can be observed under the baseline. Therefore, both positive and negative peaks can be obtained in a one-shot of sample solution together with a simultaneous injection of diphosphate solution, and their heights are proportional to the concentrations of vanadium(IV) and vanadium(V), respectively, as depicted in Fig. 3 . When injecting only the diphosphate solution into the FIA system, a negative blank peak appeared because of oxidation of iron(II) to iron(III) by dissolved oxygen, and therefore it was subtracted for determination of vanadium(V).
The optimum conditions were studied by injecting aliquots (400 μL) of an equimolar mixture of vanadium(IV) and vanadium(V) (total concentration of vanadium was 2.00 × 10 -5 mol dm -3 ) and diphosphate solution (100 μL) into the FIA system in Fig. 1 .
Effects of pH
The effect of pH was investigated over the range of 3.0 -6.5 by adding 2.0 × 10 -1 mol dm -3 acetate buffer with various pH 373 ANALYTICAL SCIENCES MARCH 2008, VOL. 24 values in R1. The results are shown in Fig. 4 . The positive peak height for vanadium(IV) had a rapid increase from pH 3.5 to 5.0 and almost remained unchanged in the pH range 5.0 -6.5. The negative peak height for vanadium(V) gradually increased with increasing pH up to 3.7 and was almost constant in the pH range 3.7 -5.5. Then, it gradually decreased at higher pH values. Therefore, the pH of the acetate buffer was fixed at 5.5. Figure 5 indicates the effect of TPTZ concentration on the FIA peaks for vanadium(IV) and vanadium(V) examined over the range of 1.00 × 10 -5 -1.00 × 10 -3 mol dm -3 . The positive and negative peak heights increased rapidly with increasing the TPTZ concentration and reached a maximum at 2.00 × 10 -4 mol dm -3 . Both of the two peaks slightly decreased at higher concentrations. A 2.00 × 10 -4 mol dm -3 TPTZ concentration was therefore chosen.
Effect of TPTZ concentration
Effect of diphosphate concentration
The effect of diphosphate concentration (R4) which was injected into R1 was studied over the range of 1.00 × 10 -4 -1.00 × 10 -2 mol dm -3 . The results are represented in Fig. 6 . The positive peak was almost constant in the examined range. The negative peak height gradually increased with increasing the diphosphate concentration up to 4.00 × 10 -3 mol dm -3 and then decreased at higher concentration. A 4.00 × 10 -3 mol dm -3 diphosphate concentration was selected.
Effect of total iron concentration of iron(II) and iron(III)
The effect of total iron concentration of iron(II) and iron(III) was examined over the range of 1.00 × 10 -5 -9.00 × 10 -5 mol dm -3 . As shown in Fig. 7 , the positive peak height increased gradually with increase in the total iron concentration up to 3.00 × 10 -5 mol dm -3 and remained almost unchanged in the concentration range of 3.00 × 10 -5 -9.00 × 10 -5 mol dm -3 . The negative peak height increased with increasing the total iron concentration, and a maximum was observed at the 374 ANALYTICAL SCIENCES MARCH 2008, VOL. 24 concentration of 5.00 × 10 -5 mol dm -3 . The negative peak height decreased gradually because the excess iron(II) reacted with TPTZ to form the iron(II)-TPTZ complex, and the background absorbance became larger. Therefore, the total iron concentration of 5.00 × 10 -5 mol dm -3 was selected for the procedure.
Effects of coil lengths
The coil length of RC1 was varied from 0.05 to 1 m. The peak heights for vanadium(IV) and vanadium(V) gradually increased up to 0.2 m and remained constant over 0.2 m. Maximum and constant peak heights were obtained in the RC2 length over the range of 1 -10 m. Over 4 m RC2 length, a stable baseline was obtained. Therefore, the coil lengths of RC1 and RC2 were selected as 0.2 and 4 m.
Calibration graphs
Under the optimum working conditions, calibration graphs for vanadium(IV) and vanadium(V) were prepared by injecting a series of each standard solution. Two linear graphs were obtained over the range of 1.00 × 10 
Recovery test of vanadium(IV) and vanadium(V)
Nine artificial binary mixtures at known various concentration ratios were determined. The concentrations of vanadium(IV) and vanadium(V) ranged from 2.00 × 10 -6 to 5.00 × 10 -5 mol dm -3 (the vanadium(IV)/vanadium(V) ratios were 1:10 to 10:1). Satisfactory recoveries ranging from 95 to 105% were obtained for both analytes.
Interferences
The effects of foreign ions on the simultaneous determination of an equimolar mixture of vanadium(IV) and vanadium(V) (total concentration of vanadium was 4.00 × 10 -5 mol dm -3 ) were examined. A relative error of ±5% was considered to be tolerable. The results are summarized in Table 1 . Chromium(VI) showed serious negative and positive interference for vanadium(IV) and vanadium(V), respectively, because chromium(VI) oxidized iron(II) in the presence of diphosphate. 34 Cobalt(II) caused positive and negative interference for vanadium(IV) and vanadium(V), probably because cobalt(II) reduced iron(III) in the presence of TPTZ. Common metal ions exist in natural water, like sodium, calcium, magnesium and potassium, did not interfere even at 1000-fold excess.
Application
The proposed method was applied to the simultaneous determination of vanadium(IV) and vanadium(V) in three kinds of commercial bottled mineral water samples. An appropriate amount of hydrochloric acid was added to the water samples in order to adjust their acid concentrations to 1.0 × 10 -2 mol dm -3 hydrochloric acid, the same as the carrier solution. The samples were thus diluted to 1.25-fold before measurement. The crosschecking was carried out by using ICP-MS method. As summarized in Table 2 , the analytical results for vanadium(V) obtained by the proposed method were good agreement with those obtained by ICP-MS and with the labeled values as well. The results indicate that vanadium(V) is the predominant species in natural mineral water, and indeed Shimizu et al. 35 and Li et al. 36 reported that vanadium(IV) could not be detected in oxygenic natural water.
A recovery test of spiked vanadium(IV) from mineral water was carried out. Satisfactory results were obtained with recoveries of approximately 100% (Table 2 ).
Conclusions
We have described here a sensitive and rapid flow injection spectrophotometric method for the simultaneous determination of vanadium(IV) and vanadium(V) based on the effect of TPTZ and diphosphate on the conditional redox potential of Fe(III)/Fe(II) system. Vanadium(IV) and vanadium(V) could be simultaneously quantified through monitoring the absorbance of iron(II)-TPTZ complex. According to the analysis of bottled 375 ANALYTICAL SCIENCES MARCH 2008, VOL. 24 mineral waters, vanadium existed in pentavalent state. Since the recovery test for vanadium(IV) was successfully carried out, we concluded the proposed method should be attractive for the oxidation speciation for vanadium(IV) and vanadium(V) in natural water.
